In Saccharomyces cerevisiae, and probably in all Saccharomyces species and a few other yeast genera, ornithine carbamoyltransferase and carbamoylphosphate synthetase are extramitochondrial enzymes (45) . In liver (6, 14) , in Neurospora (48) , and in other yeasts (45) they are mitochondrial. The meaning of this difference in localization is not obvious.
The origin of our interest in ornithine carbamoyltransferase localization arises from the occurrence in certain yeasts, among them S. cerevisiae, ofa regulatory mechanism termed "epiarginasic regulation" (26) . This regulation is achieved through the stoichiometric and reversible binding of arginase to ornithine carbamoyltransferase when both effectors, arginine and ornithine, are present. This binding leads to a complete inhibition of ornithine carbamoyltransferase, whereas arginase activity remains unchanged, so that arginine biosynthesis is turned off when arginine catabolism is operating (25, 29, 30) . This regulatory system implies a common cellular localization ofthe two enzymes. Indeed, at variance with the situation existing in all other organisms studied, the ornithine carbamoyltransferase and the arginine pathwayspecific carbamoylphosphate synthetase of S. cerevisiae are extramitochondrial enzymes, as is arginase (45) .
Besides, there is a relation between the energy status of yeasts and the existence of the regulation by arginase binding. Obligate aerobes, such as Debaryomyces hansenii, are devoid of such regulation. Preferential fermenters, such as S. cerevisiae, are almost all endowed with this regulatory system. In the intermediary group which respire preferentially, such as Hansenula anomala, the regulatory system may or may not be present (50) . It has been shown that in yeasts such as Schizosaccharomyces pombe, Hansenula anomala, and Debaryomyces hansenii, where the control by arginase binding is absent, ornithine carbamoyltransferase and carbamoylphosphate synthetase are mitochondrial (45) , a situation identical to that of Neurospora (48) and mammalian liver cells (14) . So far, in yeasts, the two different localization patterns of the enzymes concerned are correlated with the epiarginasic regulation and, less tightly, with the mode of energy production. The type of energy production is very likely the main variable in these phenomena. With the hope of better defining the influence of energy metabolism upon enzyme location, we undertook to determine whether the localization shift also affects other enzymes of arginine metabolism in S. cerevisiae as compared with Neurospora.
In S. cerevisiae ( Fig. 1 ) arginine biosynthesis starts from glutamate and acetylcoenzyme A (CoA) and first produces ornithine through the five acetylated steps, the acetyl group being recycled. Ornithine reacts with carbamoylphos- has not yet been studied. The other reactions needed for citrulline production, including the synthesis of carbamoylphosphate, are mitochondrial except for acetylglutamate kinase, which seems to be cytoplasmic (7) . Steps between citrulline and arginine as well as arginase, ornithine aminotransferase, and ornithine decarboxylase reactions are in the soluble fraction (48) . If in Saccharomyces, in addition to ornithine carbamoyltransferase and carbamoylphosphate synthetase, acetylglutamate kinase is also cytosolic, one may expect a cytosolic localization of the other enzymes of the acetylated compound cycle as well. Thus, new variations in the localization of some arginine enzymes can be expected between Neurospora and Saccharomyces.
On the other hand, arginine metabolism in Saccharomyces shows a spatial complexity due to the vacuolar sequestration of arginine, ornithine, and citrulline (51) . The subcellular localization of the arginine pathway enzymes will also determine the cellular compartment where the metabolites concerned are produced and which intracellular permeation barriers they have to cross. In vitro studies have shown that the acetylglutamate synthase, a mitochondrial enzyme (52) , and the acetylglutamate kinase (9, 17) are inhibited by arginine. A proof of the physiological meaning of this inhibition has not yet been given, but the results strongly suggest a mechanism of feedback inhibition. This raises the problem of the penetration of arginine into mitochondria.
Thus, the localizations of acetylglutamate kinase, acetylglutamyl-phosphate reductase, acetylornithine aminotransferase, acetylornithineglutamate acetyltransferase, argininosuccinate synthetase, argininosuccinate lyase, and ornithine aminotransferase were studied. Although the localizations of arginase, ornithine carbamoyltransferase, arginine pathway-specific carbamoylphosphate synthetase (45) , and acetylglutamate synthase (52) are already known, they are included in this work for unity of presentation.
cinate; ARG, arginine; PUT, putrescine; GLU-SA, glutamic--y-semialdehyde; PCA, 1-pyrroline-5-carboxylate; PRO, proline; GL U-P, glutamyl-phosphate; KGLU (17) . Mutant 100c7, an argininosuccinate synthetase-less mutant, is from our collection. Mutant 7340c, used in enzyme localization studies, bears an isoleucine-valine leaky mutation and the regulatory argRII-51 mutation conferring maximum derepressed levels for the enzymes involved in arginine biosynthesis (2, 11) .
Bacterial strain. Strain P4XB2A42, a derepressed (argR) mutant of Escherichia coli lacking acetylornithinase activity, was a gift of N. Glansdorff.
Cultures and media. Cells were grown at 29°C under conditions described earlier (32) , in 3 The assay of acetylglutamyl-phosphate reductase was based on the spectrophotometric measurement of the reduction of nicotinamide adenine dinucleotide phosphate (NADP) at 340 nm (47) . The reaction mixture (1 ml) consisted of 175 mM Tris-hydrochloride buffer (pH 8.5), 20 mM neutralized N-acetyl-L-glutamyl-y-semialdehyde, 2 mM NADP, 25 mM neutralized potassium arsenate, 10 mM MgCl2, and desalted extract. The presence of MgCl2 in desalting buffer was essential to retain activity.
For the assay of acetylornithine aminotransferase, a portion of the desalted extract was diluted to 0.35 ml with 0.1 M potassium phosphate buffer (pH 8.0) to which was added 0.05 ml of pyridoxal phosphate (4 mM), 0.05 ml of potassium a-ketoglutarate (0.2 M), and 0.05 ml of N-acetyl-L-ornithine (0.2 M). All additions were carried out at 00C, and incubation was started by transfer to 30°C and maintained during 30 min. Then the procedure described by Vogel and Jones (46) was closely followed.
L-Ornithine acetyltransferase was assayed in the same way as N-acetylglutamate synthase, except that the buffer was 100 mM Tris-hydrochloride (pH 7.5) and acetyl CoA was replaced by 20 mM N2-acetyl-Lornithine. Incubations were carried out for 60 min. In blanks, the acetyl donor was omitted.
Carbamoylphosphate synthetase belonging to the arginine pathway was assayed according to Tables 1 and 2 , cytochrome oxidase, citrate synthase, and glucose-6-phosphate dehydrogenase were taken as markers of the mitochondrial inner membrane, of the mitochondrial matrix (1, 27, 35) , and of the cytosol (18, 31, 35) , respectively. From the distribution of glucose-6-phosphate dehydrogenase and citrate synthase in the second and third columns of Table 1 , both the lysis efficiency and the portion of the initial mitochondrial material present in the decanted lysate can be seen. The last column represents the particulate fraction, where all the cytochrome oxidase activity present in the decanted lysate and 70 to 80% of the citrate synthase activity were found. In contrast, glucose-6-phosphate dehydrogenase resulting from the decanted lysate was quantitatively recovered in the supernatant as well as the solubilized portion of citrate synthase. The specific activities of citrate synthase and cytochrome oxidase were increased significantly in the particulate pellet (Table 2) . A major part of the initial mitochondrial material was thus found in the particulates.
In contrast, in preliminary experiments it was observed that in spite of almost 100% efficiency of spheroplast lysis the recovery of mitochondrial enzymes in the particulate pellet was sometimes very low and, above all, not reproducible. Others have also come up against this problem (13, 21, 31). Taking citrate synthase as a reference, we observed that, when the lysate was twice decanted by centrifugation at low speed to eliminate whole cells, spheroplasts, debris, and nuclei, the mitochondria also pelleted. The loss could reach 90%, whereas no more than 10% appeared in the particulates (not shown). The improvement of mitochondria recovery was studied while the constraints of a high osmotic protection (0.3 M sorbitol plus 0.3 M mannitol) and an absence of strong mechanical shaking were maintained during the lysis process. The best results were obtained by the combined ef- two-thirds of citrate synthase content of spheroplasts appeared regularly in the decanted lysate and some 50% appeared in the particulates (Table 1). Most important, these results were reproducible. Although improvement remains possible, this fractioning procedure was deemed sufficient for our purposes.
The 11 enzymes studied in Tables 1 and 2 were clearly divided into two groups. the supernatant does not exclude a bimodal distribution of these enzymes. Among these enzymes, the study of acetylglutamate kinase has been particularly difficult to tackle. It is known that acetylglutamate kinase from S. cerevisiae is inhibited by arginine (9, 17) . There is a class of arginine auxotroph mutants, argB, such as MG790, lacking kinase activity (17) . These mutants still show an enzymatic activity very similar to that of kinase, i.e., capable of using the same substrates, but noninhibitable by arginine (Fig. 3B) . In this study it is, therefore, the difference between the activities measured in the absence and in the presence of arginine which has been taken as acetylglutamate kinase activity (Fig. 3A) . Interestingly, Fig. 3 indicates that the arginine-insensitive activity was essentially "soluble" (Fig. 3D) , whereas the acetylglutamate kinase was particulate (Fig. 3C) . The separation of the two activities made it possible to see more clearly the inhibition of kinase by arginine. It has been constantly found higher than 90%; neither ornithine nor lysine, in a concentration range be- In contrast, the second group of enzymes, i.e., ornithine carbamoyltransferase, the arginine pathway-specific carbamoylphosphate synthetase, argininosuccinate synthetase, argininosuccinate lyase, arginase, and ornithine aminotransferase, appeared largely in the supernatant, as did glucose-6-phosphate dehydrogenase. The low levels of activity found in the particulates were of the same order of magnitude as that of the cytosolic marker and probably correspond to contamination by soluble material. Similar results had already been obtained for ornithine carbamoyltransferase, carbamoylphosphate synthetase, and arginase (45) . In this group only ornithine aminotransferase constituted a slight deviation. Although the bulk of its activity was recovered in the supernatant, 7% appeared in the particulate pellet. This cannot result from contamination by soluble material alone and is worth an independent analysis. A 30,000 x g supernatant was subjected to a 100,000 x g centrifugation for 1 h. Activities of this group of enzymes were assayed in the subsequent pellet and supernatant and were compared to activities in the 30,000 x g supernatant (not shown). Less than 2% of the enzymes studied and 3% of glucose-6-phosphate dehydrogenase appeared in the pellet. All the activities were quantitatively recovered in the supernatant. Thus, within the framework of our limited analysis, these enzymes behave like "soluble" enzymes.
Stepwise homogenization of spheroplast lysates. Figure 4 shows the solubilization pattern of the enzymes studied when the stepwise homogenization method of Ryan et al. (35) was applied to the spheroplast pellet. In our previous work (45) as in that of others (34), results were not perfectly quantitative because a complete spheroplast lysis was not obtained at the point of origin. This point was overcome by stopping the Helicase digestion when all cells of a control sample burst in the lysis solution rather than in water (see Materials and Methods). Helicase treatment was thus prolonged by 15 to 30 min, but this allowed a 100% spheroplast lysis by an osmotic shock in the lysis solution (Fig. 4, step  1) . The 100% reference for enzyme activity is provided by the supernatant derived from the twice French press-treated lysate of step 1. An osmotic shock released all the spheroplast content of ornithine carbamoyltransferase, carba-' moylphosphate synthetase, argininosuccinate synthetase, argininosuccinate lyase, arginase, ornithine aminotransferase, and of the marker glucose-6-phosphate dehydrogenase. Also in step 1, less than 4% of citrate synthase was solubilized, as well as traces or nonmeasurable levels of the five acetylated intermediate cycle enzymes. Subsequent homogenization liberated them in a progressive way. Acetylglutamate kinase, acetylglutamyl-phosphate reductase (Fig. 4A) , and acetylornithine aminotransferase (Fig. 4B) had a solubilization pattern very close to that of citrate synthase. Acetylglutamate synthase (Fig. 4A ) and acetylornithine-glutamate acetyltransferase (Fig. 4B) seemed to be associated with particles in a less labile manner. Checks were made by French press treatment of a sample of step 5 lysate. These checks showed that the nonsolubilized portion of acetylglutamate synthase and acetylornithine-glutamate acetyltransferase was not lost in the course of the process, but remained in the pellet. However, these two enzymes bound to particles much more loosely than cytochrome oxidase. Only traces of the latter were found in the supernatants of the Osmotic shock was applied during 10 min (step 1) and was followed by an Ultra-Turrax treatment at maximum speed during 15 Density gradient analysis. To characterize the organelle which carries the acetylated intermediate cycle activities, a continuous sorbitol gradient was loaded with a particulate fraction and subjected to isopycnic centrifugation. The five enzymes of the cycle and the mitochondrial markers, cytochrome oxidase and citrate synthase, had a very similar distribution through the fractions (Fig. 5) . Altogether, they migrated to a density of 1.20 g/ml, which is one commonly found for yeast mitochondria. DISCUSSION Our study on the localization of the enzymes make it possible to divide the arginine biosynthetic pathway of S. cerevisiae into two segments. The first transforms glutamate into ornithine via the N-acetylated derivatives. The second comprises four steps: the synthesis of carbamoylphosphate for arginine and the three steps going from ornithine to arginine (Fig. 1) . The first segment is particulate. The major part of all the corresponding activities was found in the particulate fractions (750 x g pellet and particulate pellet) in partial fractioning experiments (Tables 1 and 2 ). Only traces of these activities were found in the supernatant corresponding to the first step in homogenization of spheroplast lysate (Fig. 4) (19, 36, 37) . The mitochondrial location of the cycle, besides the kinetic advantages that may result from the functioning of the cycle in the restricted space of the organelle, may facilitate access to acetyl CoA, regulation by CoA, and cycling of the acetyl group, and it may minimize intracellular exchange problems.
(iii) The mitochondrial localization of acetylglutamate kinase and acetylglutamate synthase seems to imply that inhibition is exercised by mitochondrial arginine. In Neurospora, where acetylglutamate synthase has not been studied, Davis has postulated that if kinase is cytosolic it is in order to be able to undergo inhibition by the cytosolic pool of arginine, the relevant control signal (4, 7) . Results presented here show that this reasoning is not valid for Saccharomyces. They show, on the contrary, that mitochondrial biosynthetic enzymes can undergo both synthesis and activity regulation (49) specific to their own metabolic pathway, which was already known (see, for example, 44). As a corollary, the arginine mitochondrial pool should reflect the cytosolic pool, thought to be the main regulatory pool, so that arginine production corresponds to the needs of the cell.
The four steps of the second biosynthetic section going from ornithine to arginine are located in the "soluble" fraction of the cell. For argininosuccinate synthetase and argininosuccinate lyase, this localization is similar to that in othel cells such as Neurospora or mammalian hepatocytes (33, 48) . It was already known that the cytoplasmic situation of ornithine carbamoyltransferase and carbamoylphosphate synthetase constitutes an exception among eucaryotic cells, where citrulline is produced in the mitochondrion (6, 14) . Even in other yeasts like Schizosaccharomyces pombe, Hansenula anomala, and Debaryomyces hansenii, citrulline is a mi- VOL. 133, 1978 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from tochondrial product (45) . It is now known that in the arginine pathway variations in enzyme localization are probably restricted to these two enzymes. Two phenomena have been related to the cytosolic location of ornithine carbamoyltransferase and carbamoylphosphate synthetase in Saccharomyces. First, compartmentation of the carbamoylphosphate is not observable at the nutritional level in Saccharomyces (22) , whereas compartmentation is seen in Neurospora at this level (8) . Second, coincidence of ornithine carbamoyltransferase and arginase in the cytosol makes the cycling of ornithine possible when Saccharomyces has exogenous arginine. Saccharomyces has developed an original mechanism to prevent this cycling which costs the cell six energy-rich bonds: in the presence of ornithine and arginine, arginase binds to ornithine carbamoyltransferase; when this reversible complex is formed, arginase retains its catalytic activity, but ornithine carbamoyltransferase is inactive. This type of control, termed "epiarginasic regulation," obviously does not occur in yeasts with mitochondrial ornithine carbamoyltransferase (45, 50) . There, as in Neurospora (5), it is likely that the mitochondrial permeation barrier contributes to prevent the cycling of ornithine. The cytosolic localization of ornithine carbamoyltransferase and carbamoylphosphate synthetase does not, therefore, seem to be controlled by the need to avoid cycling of ornithine and the resulting waste of energy. But this localization is nonetheless related to the energy status of yeasts. In fact, yeasts which can only get energy from respiration have mitochondrial ornithine carbamoyltransferase and no epiarginasic regulation. The preferentially fermenting yeasts, such as Saccharomyces, mostly have cytosolic ornithine carbamoyltransferase which can bind to arginase (45, 50) . We think that the ornithine carbamoyltransferase-carbamoylphosphate synthetase couple, a consumer of ATP, is located where the main ATP production in the cell takes place.
Enzyme localizations lead to several postulates about the localization of metabolites within the cell (Fig. 1) . Acetylglutamate, acetylglutamyl-phosphate, acetylglutamic semialdehyde, and acetylormithine are produced, consumed, and probably confined in the mitochondria. One revolution of the acetylated cycle results in particular in there entering into the mitochondria a molecule of glutamate, normally formed in the cytosol by the anabolic glutamate dehydrogenase (18, 31) , and in a molecule of ornithine leaving. Citrulline and arginine are produced in the cytosol but accumulate, just as omithine does, in the vacuole (3, 51) . Arginine mitochondrial pool, thought to exercise feedback inhibition on both acetylglutamate synthase and acetylglutamate kinase, should reflect the cytosolic pool. Intracellular exchange of these metabolites implies that appropriate and adjusted permeation systems exist on the various organelles, and possibly they are regulated as a function of anabolic and catabolic conditions. In rat hepatocytes (14) , ornithine gets into mitochondria by a highly specific mechanism, citrulline leaves it by a less specific exit, and no permeation mechanism for arginine has been shown, although arginine is an effector of acetylglutamate synthase (39), a mitochondrial enzyme (40) . Citrulline is produced in the cytosol in some yeasts and in the mitochondria in other yeasts. Yeast mitochondria are therefore well suited to a comparative study of ornithine and citrulline permeation.
